Abstract: Extensive experimental studies of the heat transfer characteristics of jet impingement on a variable-curvature concave surface in a wing leading edge were conducted for aircraft anti-icing applications. The experiments were performed on a piccolo tube with three rows of aligned jet holes over a wide range of parameters: the jet Reynolds number (Rej) from 50,000 to 90,000, the relative tube-to-surface distance (H/d) from 1.74 to 20.0, the jet impingement angle ( ) from 66° to 90°, and the relative chordwise arc length in the jet impingement zone (r/d) from 13.2 to 34.8. The experimental results indicated that the heat transfer performance at the stagnation point was enhanced with increasing Rej and , and an optimal H/d existed to achieve the best heat transfer performance at the stagnation point. It was found that the attenuation coefficient curve of the jet impingement heat transfer in the chordwise direction exhibited an approximate bell shape with the peak located at the stagnation point, affected only by r/d in the peak zone. In the non-peak zone, however it was affected significantly by a variety of factors including Rej, H/d and r/d. Experimental data-based correlations of the Nusselt number at the stagnation point and the distribution of the attenuation coefficient in the chordwise direction were developed and validated, which can be used to predict the performance of a wing leading edge anti-icing system.
Introduction
Jet impingement promises excellent heat transfer performance, which has attracted worldwide interests for decades. As an effective measure to enhance the local heat transfer coefficient, it has been applied in a wide variety of fields, such as glass tempering, metal annealing, food and paper drying, and gas turbine blade and electronics cooling [1] [2] [3] [4] [5] . Because jet impingement is a very complex heat and mass transfer process, which is influenced by many parameters such as the shape and size of the nozzle, the nozzle layout, the nozzle to target surface distance, the jet Reynolds number, the impingement angle and the curvature of impinging surface, comprehensive experimental and theoretical studies have been conducted especially for jet impingement on a flat or cylindrical surface [6] [7] [8] [9] [10] [11] [12] [13] .
In aeronautical engineering, anti-icing or de-icing system is generally used in both civil and military aircraft to guarantee flight safety. The wing leading edge hot-air anti-icing system (WHAAIS) has been widely employed so far, where jet impingement heat transfer of hot air introduced from the engine compressor and sprayed from the jet holes on a piccolo tube is utilized to prevent the occurrence of icing on the external surface of a wing leading edge, as shown schematically in Fig. 1 [14] . Fig. 2 shows the schematic of the jet impingement on a variable-curvature concave surface in a wing leading edge hot air anti-icing system. Comparing to the common jet impingement on a flat surface, there are some notable differences in a WHAAIS as summarized below: 1) the pressure of the hot air supplied is usually very high, and the air in the jet holes is in the choked state with the outlet velocity reaching the speed of sound; 2) the jet hole profile is very sharp, and the air at the outlet of the jet holes may be still under expansion; 3) the piccolo tube usually has a single one, two or three rows of jet holes, and the circumferential angle of jet holes on the piccolo tube can significantly affect the fluid flow and heat transfer processes on the target surface; and 4) for piccolo tube with two or three rows of jet holes, the interaction of jets between adjacent holes further increases the complexity. The jet impingement in a WHAAIS is also much more complicated than 3 that on a cylindrical concave surface due to its continuous variable curvature character in the leading edge.
For the jet impingement heat transfer in a WHAAIS, only very limited experimental and theoretical studies has been reported to date. Jusionis [15] reported perhaps the first experimental study of jet impingement heat transfer on an enclosed surface in 1970. A piccolo tube with a single one row of jet holes was used in his study, and the correlation of the average heat transfer coefficient over the target surface was obtained considering the influences of the jet Reynolds number, the distance from the jet holes to the target surface and the circumferential angle of the jet holes on the piccolo tube. Brown et al. [16] investigated the performance of a piccolo tube with three rows of jet holes, and developed a correction of the average convective heat transfer coefficient on the jet impingement region, where the distance between the jet holes and the jet Reynolds number were considered. The review from Wright [17] suggested that Goldstein correlation [18] could be used for a first order estimation on the piccolo tube performance In 2003, by using the computational fluid dynamics (CFD) method, Fregeau, Saeed and Paraschivoiu [19] studied the thermal performance of a 3-D hot air jet flow impinging on a normal semicircular concave surface instead of the leading edge of an aircraft wing. The correlations of the average and stagnation Nusselt number were obtained. In their study, only the layout of single one row of jet holes was considered. The average Nusselt number was found to be remarkably dependent on the tube-to-surface distance. The maximum Nusselt number occurred at the jet stagnation point, and the distance between adjacent jet holes had negligible effect on it. In 2008, Saeed [20] conducted a simulation study to further understand the jet impingement heat transfer performance employing a piccolo tube with single one row and two rows of staggered jet holes impinging on the internal surfaces of a typical aircraft wing/slat. The 3-D distributions of the Nusselt number and heat transfer coefficient on the target surface were illustrated, and the results showed that the jet impingement heat transfer performance for the piccolo tube with single one row and two rows of 20 degree staggered jet holes was better than that with 4 two rows of 10 degree staggered jet holes. In 2009, Fregeau, Paraschivoiu and Saeed [21] simplified the single one row of jet holes as one-quarter of the jet to reduce the size of computational domain, and the simulation results indicated that the local Nusselt number distribution on the surface was enhanced with the decrease of the tube-to-surface distance and increase of jet Mach number and the distance between adjacent jet holes.
In 2006, Papadakis and Wong et al. [22] [23] [24] performed an extensive parametric study to investigate the influence of tube-to-surface distance, jet hole location, the diffuser geometry, hot air temperature and mass flow rate on the jet impingement heat transfer performance of a bleed air ice-protection system by both experimental and numerical methods. The impinging surface simulated the NACA 23012 airfoil leading edge shape, and three rows of aligned jet holes were manufactured on the piccolo tube in this study. It was found that once the air flow in the jet holes was choked, air supply mass flux would have less influence on the anti-icing surface temperature than that of the supplied air temperature, and the tube-to-surface distance and the jet hole locations on the piccolo tube were critical in affecting the impinging surface temperature, however, the anti-icing cavity shape only exhibited very small effect. The system performance variation trends in the chordwise direction as a function of relevant parameters were also qualitatively presented.
Recently Imbriale and Ianiro et al. [25] reported the detailed temperature and heat flux distribution of a wing leading edge upon impingement from a single row of jets by using the IR thermography and the heated thin foil heat transfer sensor. The presence of streamwise vortices was observed, which was considered to be influenced by the surface curvature, jet hole spacing and jet impingement angle, and an average Nusselt number correlation was proposed based on the Meola's correlation [26] for jet impingement on a flat surface. The authors have recently reported an extensive experimental investigation of the jet impingement heat transfer characteristics on a variable-curvature concave surface in a wing leading edge [27] . In the experiments, different jet hole layouts were considered, and the relevant parameters such as the jet Reynolds number, tube-to-surface distance and circumferential angle of jet holes on the piccolo tube were varied over a wide range. An optimal relative tube-to-surface distance of 4.5 under Rej = 51021 was determined for the jet impingement with a single one row of jet holes. It was observed that the Nux curves exhibited much different shapes for jet impingement with two and three rows of aligned jet holes on the piccolo tube due to different intensities of interference between adjacent air jets.
As briefly reviewed above, different jet impingement heat transfer correlations have been proposed mainly for one row of jet holes, and the studies on impingement from two or three rows of jet holes on a piccolo tube are still less established. For practical applications, jets from multiple holes are more effective for anti-icing applications due to the increased heat transfer area in the wing leading edge. This paper reported an extensive experimental study of the heat transfer characteristics of jet impingement on a variable-curvature concave surface in a wing leading edge with three rows of aligned jet holes. A parametric study of the effects of the jet Reynolds number, the relative tube-to-surface distance, the jet impingement angle and the relative chordwise arc length in the jet impingement zone on the jet impingement heat transfer was conducted. Experimental data-based correlation equations at the stagnation point and the attenuation coefficient distribution in the chordwise direction were developed to advance our understanding on the design of a WHAAIS.
Experimental Setup
The experimental rig was the same as that in our previous paper [27] , and only a brief introduction is provided here. The experimental system was composed of an air supply system, a test unit including an anti-icing cavity and piccolo tubes with three rows of aligned jet holes, a heating system and a data acquisition system. Interested readers can find detailed information in Ref. [27] .
In order to minimize the heat loss to the ambience, rubber sponge insulation material with the thickness of about 10 cm were employed to cover the thin film heater, and the heat loss was estimated to be within 2.40%, 6 which can be safely neglected. Type T thermocouple junctions were placed in the blind holes with a depth of 2.5mm in the outer surface and fixed by adhesives with good heat conduction and electrical insulation. Because all the thermocouple wires were arranged outside the anti-icing cavity, the flow field in the cavity was not affected.
The thermocouple junctions were located only 0.5 mm from the inner surface of the leading edge, which could represent the temperatures at the inner surface under the experimental conditions. The relevant parameter ranges in the experiments are listed in Table 1 , where Cn is the spanwise distance between adjacent jet holes.
Data processing and uncertainty analysis
The inverse heat transfer method was adopted in the experiment, i.e., heat was transferred to the wing anti-icing cavity from the outside, just opposite to the actual situation. In order to investigate the flow and heat transfer in the wing anti-icing cavity, the outer surface of the leading edge of the anti-icing cavity was heated under a constant heat flux, and high pressure air with a fixed temperature of 300K was introduced into the cavity as a cooling medium.
Based on the experimental principle in this paper, the local convective heat transfer coefficient can be calculated as:
where q is the heat flux at the outer surface of the leading edge; Twx is the local temperature at the inner surface of the leading edge and Tin is the inlet temperature of the supplied air.
In equation (1), the air temperature at the inlet of the piccolo tube (Tin) should represent the total temperature of the air jet (because the air velocity in the piccolo tube is relatively small, the kinetic energy can be safely neglected, and the static temperature is very close to the total temperature). In this paper, we used the total temperature to calculate h and Nu directly, as shown in equation (1), and did not use the adiabatic wall temperature because it is rather difficult to measure directly without affecting the jet impingement flow field in the anti-icing cavity in this experimental system. At the same time, for aircraft wing anti-icing applications, because the jet velocity is usually very large, i.e. at the sonic speed, and the tube-to-surface distance is not very long, i.e. < 40 mm, the effect of ambient heating to the air jet is very slight, and the calculated Nusselt numbers using the jet inlet temperature are acceptable for engineering design, as confirmed by our experimental results.
In addition, in the calculation of the local convective heat transfer coefficient, we did not take into account the tangential thermal conduction in the wall, so the results obtained here would slightly deviate from the actual ones to some extent. For practical applications as in this study, i.e., the anti-icing cavity model came from a real regional plane, this approach is preferable to guide the anti-icing cavity design without considering the tangential thermal conduction effect of the wall, which will make the design process more convenient.
The local Nusselt Number is expressed by equation (2):
where d is the diameter of the jet hole and is the thermal conductivity of air.
The jet Reynolds Number is defined by Equation (3):
where Gm is the mass flowrate of air, N is the number of jet holes, is the density of air, and and are the kinetic and dynamic viscosities, respectively.
In order to investigate the distribution characteristics of the local heat transfer performance in the chordwise direction of the leading edge, a new parameter that shows the ratio of the local Nussel number, Nux, over the stagnation value, i.e. the attenuation coefficient x, is defined in Equation (4): resistance, temperature and flow rate. The uncertainties of h, Nu and were calculated to be smaller than 5.0%.
Comparison and validation of the experimental results
To ensure the validity and reliability of the experimental results achieved in this work, a comparison with other available experimental data was attempted. However due to the difference in the geometry, it is very difficult to find an appropriate comparative case. The only similar example was from the work by Brown et al [16] , who experimentally investigated a full-scale, 2-D model of an aircraft nacelle anti-icing system. The profile of the impingement surface as well as the operating conditions from Ref. [16] was quite similar to those in this work. Table 3 . This phenomenon can be theoretically analyzed below. For a given Rej, when the tube-to-surface distance was smaller than the length of the potential core, the jet arriving at the impinging surface was not fully developed and the central velocity of the jet there would remain unchanged. As H/d decreased, the travelling distance of the jet before arriving at the impinging surface decreased accordingly, and the shear-driven interaction between the jet and the surrounding air was weakened, resulting in the drop of Nustag due to the decrease of the jet turbulence level at the stagnation point. When the tube-to-surface distance was larger than the length of the potential core, the jet would be fully developed before impinging onto the target surface. Under this condition, the target surface was in the downstream of the jet potential core. As H/d increased, the travelling distance of the jet before arriving at the impinging surface increased accordingly, and the momentum and velocity in the jet core zone would decrease gradually due to the shear-driven interaction between the jet and the surrounding air, resulting in a decrease of the heat transfer performance at the jet impingement stagnation point.
Therefore when the tube-to-surface distance was approximately equal to the length of the potential core, the best heat transfer performance at the stagnation point could be obtained. However, the optimal H/d was generally not a fixed value but fell within a range. That was attributed by the tradeoff between an increased jet turbulence due to the interaction with the surrounding air and a decreased jet central velocity. Meanwhile, the length of the potential core would vary with the jet Reynolds number. For example, Gardon and Cobonpue [28] found that the optimal tube-to-surface distance was equal to the length of the potential core to achieve the best heat transfer performance at the stagnation point on a flat plate. Whereas Ashforth-Frost and Jambunathan [29] showed that the optimal tube-to-surface distance was 110% of the length of the potential core for a flat plate. It was because at that H/d position, the effect of turbulence increase on the Nustag was greater than that of the central velocity loss. In this paper, the fluid flow and heat transfer of the jet impingement was more complex because the target surface was a variable-curvature concave one in a wing leading edge, and the optimal H/d was found to be within 4 ~ 5.75.
Effect of jet impingement angle on Nustag
Fig . 5 shows the influence of the jet impingement angle on Nustag with different Rej at a fixed H/d =10. The jet impingement angle exhibited a significant effect on the heat transfer performance of the jet impingement at the stagnation point. For instance, Nustag was increased by 47.4% ~ 59.5% when = 90°, comparing with that when = 66°. The effect of jet impingement angle was more notable at a larger Rej. Moreover, the effect of within 82° ~ 90° on the Nustag was much stronger compared with that = 66° ~ 82°. Therefore, when the air jet was changed from a vertical to an oblique jet, the Nustag would decreased rapidly until = 82°, after which the attenuation of the Nustag became much slower.
When the air jet changes from a vertical to an oblique jet, the direction of the jet centerline was no longer perpendicular to the impinging surface at the stagnation point, causing the decrease of the normal velocity component at the stagnation point. The smaller the jet impingement angle, the lower the normal velocity component at the stagnation point, which corresponded to a decreased heat transfer performance at the stagnation point.
Effect of jet Reynolds number on x
Fig . 6 shows the distribution of x in the chordwise direction of the wing leading edge with different Rej numbers where the curves exhibited a bell shape attenuating from the stagnation point to both sides. The negative-value zone on the abscissa x/d represents the lower surface of the anti-icing cavity, and the positive-value zone represented the upper surface. From Fig. 6 it can be concluded that: 1) the distribution curves of x at both sides of the stagnation point for three rows of aligned jet holes were obviously different, and the attenuation coefficient dropped more quickly on the lower surface than that on the upper surface. That is mainly caused by the specific anti-icing cavity structure as shown in Fig. 1 , where the only slot for hot air venting was adjacent to the upper surface, and the wall jet along the lower surface was strongly inhibited by the barrier wall.
2) The effect of Rej on x in the peak region (x/d=±10) was very small, and the peak regions of the distribution curves of x corresponding to different Rej almost overlapped. 3) Rej obviously affected x in the non-peak region of the distribution curve, and the larger the Rej, the faster the attenuation rate of the x. When Rej was increased from 51112 to 85340, x on the lower surface at x/d=-50 decreased by nearly 11%. 
Correlation of the attenuation coefficient
It is of high interest to propose a correlation for the attenuation coefficient x, to obtain quickly and accurately the distribution characteristics of the jet impingement heat transfer in the chordwise direction if the correlation of the stagnation Nusslet number is available. For the structure of three rows of aligned jet holes, the correlation of x in terms of three dimensionless parameters Rej, H/d and r/d was established. As explained above, the x x/d curve exhibited an approximate bell shape attenuating from the stagnation point to both sides along the upper and lower surfaces of the anti-icing cavity. To neglect the effect of the slot structure on the heat transfer on the upper surface, which made this issue much more complex, and on a basis of conservative design, the x x/d curve on the upper surface was replaced by the one on the lower surface, thus forming a strictly symmetrical and bell-shaped curve of x. The Gauss function expressed by Equation (6) was applied to fit the experimental data of x. where 0 is the value of x at the farthest position from the stagnation point; xstag is the coordinate of the stagnation point whose value is zero in the paper; /2 A w  is the attenuation height Ha, which is equal to stag-0; stag is the value of x at the stagnation point whose value is 100 in this paper; w is 1 ln 4 times of the Gauss fitted curve width at the half of the attenuation height Ha/2.
The attenuation coefficient M is defined as 2 and Equation (7) was derived from Equation (6) as follows:
According to Equation (7), non-linear fitting technique was applied to fit the experimental data samples, each of which yielded a certain A and M value, with the fitting correlation factor, R, ranging from 0.980 to 0.996. Further analysis indicated that both M and A in Equation (7) Equations (8) and (9), and the correlation factors were 0.96 and 0.98, respectively. 
Substituting Equations (8) and (9) into Equation (7), Equation ( 
To validate the correlation of x, a comparison between the experimental data including both the sample and non-sample data and the calculation results based on the correlation equation was conducted, as presented in Fig.   11 . The deviations between the experiment data and the calculation results from the correlation were all lower than 2.4%, indicating that the correlation was effective within the proposed parameter range. For this specific structure, the correlation can accurately predict the distribution characteristics of the jet impingement heat transfer in the chordwise direction on the surface of the anti-icing cavity, which is of great use to guide the design and performance assessment for a wing leading edge hot-air anti-icing system.
Conclusions
Extensive experimental studies of the heat transfer characteristics of jet impingement on a variable-curvature concave surface in a wing leading edge were conducted in this work, which can be summarized as follows: As the piccolo tube-based anti-icing cavity design is well adopted by many aircraft engineers, especially for the piccolo tube with two or three rows of jet holes, this work is of great help to the design and performance evaluation of the aircraft wing leading-edge anti-icing system. Table 2 Uncertainties of measuring equipments 
